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Abstract

Wine lees is a semi-solid suspension rich in yeast cells, representing a winemaking by-
product that is rarely valorized after distillation. This study focuses on the exploitation
of yeast-containing vinasse resulting after wine lees distillation by proposing optimized
thermal extractions that can be potentially integrated with the current wine lees distilla-
tion workflow. Vinasse with different solids concentrations (10, 30, 50%) were treated at
different temperatures (104, 108, 112 °C) and durations (20, 40, 60 min) using a pressure
cooker device. The release of proteins, polysaccharides, and oligosaccharides from these
pressure-assisted lab extractions were compared with that in untreated vinasse and vinasse
treated with a previously proposed autoclave method. The resulting extraction appears
to be generally preferable to the autoclave, which would require higher costs for energy
and equipment. The obtained extraction process significantly enhanced the recovery of
total proteins, oligosaccharides, and medium- to low-molecular-weight polysaccharides.
Conversely, all heat treatments reduced the extraction of high-molecular-weight polysac-
charides, indicating that these compounds should be directly extracted from untreated
vinasse. These outcomes, along with the study of samples’ viscosity, density, and specific
heat, allowed us to propose an integrated extraction plant set up that includes a crossflow
filter and an industrial cooker. This set up aims to maximize the extraction of each valuable
fraction, thereby better exploiting vinasse following a biorefinery approach.

Keywords: wine lees; yeast extract; extraction optimization; yeast polysaccharides; biorefinery;
mannoproteins; (3-glucans; response surface methodology

1. Introduction

Wine production yields vast amounts of by-products, such as grape skins, seeds, stalks,
and wine lees, which account for almost half of the processed grapes [1]. According to Com-
mission Regulation (EC) No 555/2008 and Council Regulation (EC) No 491/2009 [2,3], these
by-products must be collected and processed by distilleries to recover ethanol. Additionally,
grape pomace (skins and seeds) is sold to other companies as a source of polyphenols,
oil, and fibers [4-6]. The recovery of these fractions allows distilleries to increase their
environmental and economical sustainability by acting as biorefineries [7]. The second
most abundant by-product after grape pomace is wine lees, a viscous suspension mainly
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composed of yeast cells collected at the end of alcoholic fermentation and subsequent rack-
ing [8]. In Italy, one of the top wine-producing countries, accounting for almost 20% of the
global production [9], about 300,000 t of lees are produced annually, leading to an estimated
COyeq emission of about 270,000 t [10]. After distillation to recover ethanol, wine lees are
referred to as vinasse, a secondary by-product that still contains the yeast biomass that is
originally present in the wine lees. Despite the potential value of vinasse’s solid fraction,
the suspension is typically discarded without valorization, representing both a cost [11]
and a loss of potentially valuable biomass as well as natural and human resources [12].

Being a yeast suspension, vinasse can potentially be exploited to produce valuable
yeast extracts similar to the ones currently used as food additives and dietary supplements,
usually made by pure yeast biomasses produced in bioreactors [8,13]. Previous studies
have only explored the potential of wine lees prior to distillation (before becoming vinasse)
as a source of yeast proteins and polysaccharides. The obtained extracts have been tested
as potential food ingredients, displaying emulsifying, foaming, antioxidant, and wine
stabilizing activities comparable to commercial or lab-made pure yeast extracts [8,14-16].
However, this approach has never been applied on vinasse which would represent the real
waste for distillers. In vinasses, the removed ethanol is replaced by excess water, yielding
a more diluted suspension with lower solids and reduced microbiological stability, thus
requiring rapid stabilization or processing [17]. In the above-mentioned studies focusing
on wine lees, the best-performing extracts were obtained through physical treatments (high
pressure and temperature) using lab-scale equipment such as autoclaves and centrifuges.
Despite being conventional technologies, these methods are not directly reproducible in an
industrial context. This issue is common to many other laboratory-scale procedures aimed
at demonstrating the feasibility of obtaining valuable extracts from specific by-products.
However, the transition from laboratory to industrial scale poses an important challenge
for the practical implementation of developed methods [18]. In many cases, trials typically
conclude at a Technology Readiness Level (TRL) between three and four, according to
the ISO 16290 [19] classification, with only a fraction of proven concepts successfully
transitioning to industrial applicability, leading to what is commonly referred to as the
“valley of death” [20,21]. To progress through these stages towards a rational industrial
production process, further information and efforts are essential.

Hence, the objective of this study is to provide the knowledge and technical foundation
for transitioning the physical extraction of yeast-derived compounds from vinasse from
laboratory to industrial scale. Specifically, the study seeks to identify optimal operational
conditions by evaluating the influence of key process parameters—temperature, time, and
solids concentration—on extraction efficiency. Using the response surface methodology
(RSM), the recovery of target compounds (proteins and different fractions of polysaccha-
rides and oligosaccharides) will be modeled to define process conditions that are compatible
with industrial-scale, cost-effective heating systems as alternatives to autoclave-based ex-
traction, which serves as the benchmark. Additionally, the study aims to characterize the
physical properties of vinasse before and after extraction to inform the design of suitable
transport and thermal exchange systems. Ultimately, the goal is to propose a potential plant
configuration that can be integrated into current distillery workflows, leveraging existing
infrastructure to enable an efficient and sustainable scale-up of this valorization strategy.

2. Materials and Methods
2.1. Chemicals

Unless otherwise specified, all reagents were purchased from Merck (Darmstadt, Ger-
many) and had a purity > 99%. Ethanol and hydrochloric acid (37%) were obtained from
Carlo Erba Reagents (Val-de-Reuil, France). Ammonium formate was provided by VWR
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International (Radnor, PA, USA). Pullulans of different molecular weights (342-805,000 Da),
as well as pectin and dextran standards, were obtained from Agilent Technologies (Santa
Clara, CA, USA). Bovine serum albumin (BSA) standard was purchased from Pierce Biotech-
nology (Waltham, MA, USA). All solutions and dilutions were prepared using ultrapure
water (Milli-Q, Millipore, Burlington, MA, USA).

2.2. Experimental Design and Statistical Analyses

Two separate trials were carried out to determinate the effect of the proposed extrac-
tion method. In the first trial, 3 different methods were compared: t0 (untreated vinasse),
pressure-assisted lab extraction (PALE) using 108 °C, 40 min, 30% solids concentration,
and the previously validated Autoclave extraction (121 °C, 20 min, 10% solids concentra-
tion) [15]. Each extraction was performed in triplicate, and differences among treatments
were assessed by ANOVA followed by Tukey’s post hoc test (p < 0.05).

Then, after temperature and initial vinasse concentration, a second trial was performed
by repeating the PALE at different temperatures (104 °C, 108 °C, and 112 °C), duration
(20 min, 40 min, and 60 min), and solids concentration (10%, 30%, and 50%).

The tested temperatures were selected to exceed 100 °C, which in previous studies
was poorly efficient in destabilizing the yeast cell wall [22], but to remain below 121 °C,
to propose conditions that could outperform the previously developed autoclave-based
extraction [15] and be achievable with less expensive industrial equipment and fewer
regulatory constraints (i.e., regarding UE Directive 2014/68; [23]). Extraction times started
from 20 min, corresponding to the of the autoclave method [15], and were then doubled and
tripled (40 and 60 min) to compensate for the lower temperatures of the PALE compared to
autoclaving; longer durations were not considered due to potential energy costs. The 10%
solids content was representative of vinasse directly exiting the distillation column (as in
the untreated reference sample), whereas 30% and 50% were chosen to balance the benefits
of reduced processing volumes, which could lower plant size and costs, as well as the need
to maintain a sufficient liquid phase to ensure solubilization of yeast-derived compounds.

The experimental design followed a Box-Behnken approach comprising three factors,
each tested with three replications of the central point. Data analysis was conducted using
the response surface methodology (RSM) in accordance with guidelines outlined in the
NIST handbook of statistical methods [24]. Full second-order polynomial models were
fitted, including first order (linear) terms, two-way interactions and pure quadratic terms
for the three factors. ANOVA for each fitted model used sequential (Type I) sums-of-
squares to partition total variability into first-order, two-way interaction and pure quadratic
components, plus residual error. The residual sum-of-squares was further partitioned
into lack-of-fit and pure-error components by exploiting the replicated central points;
the lack-of-fit F-test therefore compares the model residual mean square to the pure-
error mean square. Model as-assumptions (normality of residuals, homoscedasticity and
independence) were checked by an inspection of diagnostic plots. Term selection followed a
backward-elimination strategy at o = 0.05 while preserving effect hierarchy; non-significant
terms were pooled into the residual, and the reduced model was refitted for inferential
reporting. Model adequacy was assessed reporting the overall F statistic and p-value, R?
and adjusted R?. Stationary points and eigen analysis of the quadratic form were computed
to characterize the nature (maximum/minimum/saddle) of any stationary response. All
extractions conducted in this study are reported in Table 1.
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Table 1. Different extraction conditions applied. “t0” refers to the vinasse collected right after the distil-
lation (untreated); “Autoclave” refers to the autoclave-based method applied in a previous study [15];
“PALE 1st trial” and “PALE 2nd trial” extractions refer to the different time/temperature/solids
concentration tested.

Extraction Temperature (°C) Time (min) Solids Conc (%)
t0 - - 10
Autoclave 121 20 10
PALE 1st trial 108 40 30
PALE 2nd trial-1 104 20 30
2 112 20 30
3 104 60 30
4 112 60 30
5 104 40 10
6 112 40 10
7 104 40 50
8 112 40 50
9 108 20 10
10 108 60 10
11 108 20 50
12 108 60 50
13 108 40 30
14 108 40 30
15 108 40 30

2.3. Vinasse Recovery and Microscopy Analysis

Vinasse obtained from the distillation of wine lees originating from both red and white
vinifications, collected from different wineries, were supplied by the Acquavite distillery
(Vazzola, Italy) and kept at 4 °C until use. The vinasse had an initial concentration of
10% in solids. This concentration remained approximately constant over different batches
sampled between November and December 2023, as observed during the preliminary trials
conducted to set up this work (CV = 3.36 %). A microscopic analysis was performed on
untreated vinasse using an optical microscope (Leica DM2000 LED; Leica Microsystem:s,
Wetzlar, Germany) set at magnification 40X to observe the presence of yeasts and to provide
an indication of particle size by comparison with the dimension scale bar added using the
LAS X software (version 4.8.0; Leica Microsystems, Wetzlar, Germany).

2.4. Extraction Methods

The t0 extraction consisted of sampling the vinasse suspensions immediately after they
exited the distillation column. The Autoclave extraction, a previous protocol developed
on wine lees (before distillation) was conducted according to the reference [15,16], just
replacing wine lees with the same untreated vinasse of t0. Pressure-assisted lab extractions
were conducted using a commercial cooker (CY505E10 Cooker, Tefal, Rumilly, France),
which facilitated precise control over both temperature and extraction time. Temperature
regulation of the aqueous solutions utilized was achieved by adjusting the extraction
pressure, a function performed automatically by the cooker. Specifically, temperatures
of 104 °C, 108 °C, and 112 °C corresponded to absolute pressures of 1.17 bar, 1.34 bar,
and 1.53 bar, respectively, as determined from the saturated vapor table [25]. This infor-
mation aligns with the pressure settings outlined in the cooker’s user manual provided
by the manufacturer. The cooker was loaded with 1.2 L of vinasse suspension. Solids
concentrations exceeding 10% were attained using a laboratory centrifuge (Hermle Z326K,
Wehingen, Germany) operating with 221.12 V03 rotor and 1 L batches at 3350 x g for 15 min
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at 18 °C. The required volume of 1.2 L at the desired concentration was achieved through
successive centrifugations.

2.5. Determination of Viscosity, Density, and Specific Heat

Viscosity was measured on the different vinasse suspensions with the ViscoQC 300
viscosimeter (Anton Paar GmbH, Graz, Austria). Vinasse was first vigorously shaken for
1 min to ensure that residue was uniformly distributed within the container. For each
sample, 500 mL were filled into a 600 mL beaker. To determine the rheological behavior of
the vinasse, three samples were selected before extraction as representatives of the three
different concentrations (10%, 30%, 50%). On each of these samples, viscosity measurements
were repeated 8 times, on a speed ramp between 150 and 220 rpm with a 10 rpm increase.
Then, to determinate the viscosity of all the samples, measurements were performed at
200 rpm for 1 min. Spindles L1 and L2 were used based on the sample type. The L1 cylinder
spindle (2 cm diameter; 6.5 cm height) was used for most samples, while the L2 disk spindle
(2 cm diameter; 0.7 cm height) was chosen for higher viscosity materials. Temperature was
monitored with a PT100 probe.

Density was calculated based on the ratio of mass to volume of the substance. For each
sample, a 100 mL volumetric flask was filled with the substance and weighed by means of
a BIL 6 scale, with 0.1 g division. Density values were computed by dividing the weight of
the sample by the fixed volume of 100 mL.

Specific heat of vinasse (C;) was measured using a mixtures calorimeter. The ap-
paratus consisted of an insulated container of 500 mL capacity, equipped with a PT100
temperature probe. A stainless-steel cylinder with a mass of 300 g was used as reference
material, previously heated to 40 °C. Stainless steel specific heat (Cs) was 502 J-kg~1.K~1.
Measurements were performed for each sample, applying the following standard proce-
dure. After pouring the vinasse in the calorimeter, starting temperature and weight were
noted. Then, the stainless-steel cylinder was placed inside the calorimeter and the system
was closed. Temperature was then monitored until the system reached thermal equilibrium.
Specific heat of the vinasse (Cr) was calculated according to Equation (1).

_ Cs- Mg -(Ts — Tg)

where Cs is the specific heat of the stainless-steel cylinder expressed in kJ-kg~1-°C~!, Mg is
the mass of the stainless-steel cylinder, T is the initial temperature of the stainless-steel
cylinder, TE is the equilibrium temperature, M, is the mass of the vinasse, and T is the
initial temperature of the vinasse. Masses were expressed in kg, while temperatures were
in °C.

2.6. Saccharides Quantification

Vinasse (2 mL) were centrifuged using a Universal 320 R Centrifuge (Andreas Hettich
GmbH, Tuttlingen, Germany) equipped with swing-out rotor n.1617 (3857 x g, 15 min,
4°C), and 1 mL of supernatant was collected and freeze-dried. The so-obtained powder
was then solubilized in 0.2 mL of ultrapure water and 1 mL of cold acidified ethanol
(0.3 M HCI). This suspension was then refrigerated overnight at 4 °C. Subsequently, the
precipitated polysaccharides were separated via centrifugation using a Universal 320 R
Centrifuge (Andreas Hettich GmbH, Tuttlingen, Germany) equipped with angle rotor
n. 1552 (19,065x g, 10 min, 4 °C), washed one time with pure ethanol, and centrifuged
again. The washed pellet was then solubilized in 1 mL of 50 mM ammonium formate and
transferred into an HPLC vial. Quantification and characterization of polysaccharides were
performed using high-resolution size-exclusion chromatography (HR-SEC) employing an
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Agilent 1260 series II quaternary pump LC system (Agilent Technologies, Santa Clara, CA,
USA), following a previously established protocol [15,16,26]. Briefly, 10 uL of the sample
were injected and separated isocratically (0.6 mL/min for 36 min, RID temperature 35 °C)
using a PL-Aquagel-OH 50 gel permeation column (Agilent Technologies, Santa Clara, CA,
USA). Pullulans with different dimensions (342-805,000 Da) (Merck, Darmstadt, Germany)
were employed as MW standards, while polysaccharide quantification was accomplished
through a calibration curve built with pectin and dextran (0-2 g/L).

2.7. Protein Quantification

Total soluble proteins were quantified with the Bicinchoninic acid (BCA) assay by
using a specific kit (Pierce Biotechnology, Waltham, MA, USA), following the procedure
indicated by the producer without modifications and conducted in triplicate. Prior to the
analysis, samples were prepared by centrifuging (3857 x g, 15 min, 4 °C) each vinasse
suspension and by diluting the supernatants 20 times with ultrapure water. The calibration
curve was built using the BSA standard (Pierce Biotechnology, Waltham, MA, USA), also
diluted with ultrapure water covering the range of 0-2 ug/mL.

3. Results and Discussion
3.1. Density, Specific Heat, and Viscosity of the Extracted Suspension

Vinasse’s physical properties (density, specific heat, and viscosity) were measured
as key parameters to consider for scaling up the tested extraction to pilot- and industrial-
scale processing systems. These properties influence heat transfer efficiency, fluid flow
behavior, pumping requirements, and overall energy consumption in processes such as
heat exchangers and fluid transport pipelines [27]. Therefore, understanding how extrac-
tion methods and conditions affect these properties is an essential step in scaling up the
proposed valorization strategy.

Regarding density, no significant differences in density were found between the
extractions conducted using the three methods tested, namely PALE, t0, and Autoclave.
Similarly, variations in temperature, time, and initial concentration within the experimental
plan did not lead to significant changes in density. The average density value across all
the PALEs was 1026 4 4 kg/m3. The density of the vinasse suspension before treatment
(t0) was 1022 + 5 kg/m3, while the suspension extracted using the Autoclave method
had a density of 1024 4 5 kg/m3. Additionally, no significant differences in specific heat
were observed within the experimental plan extractions or between the experimental plan
extractions and the t0. The average specific heat value was 4.307 + 0.214 k] kg 'K~ 1.

The RSM model for viscosity was found to be statistically significant for the first-order
terms (p = 0.02), while the lack-of-fit probability exceeded the 0.05 significance threshold.
Therefore, we obtained a statistically valid model with model significance p = 0.02.

Supplementary Figure S1 depicts the change in viscosity according to extraction time,
extraction temperature, and vinasse concentration. Among these variables, temperature
and time did not significantly impact viscosity. As expected, the strongest impact on viscos-
ity was provided by the vinasse’s solids concentration (p < 0.01). From the literature [28],
two different models can be applied: the Einstein relation (Equation (2)) and a generic
exponential relation (Equation (3)).

Bo=pot+axpo*c )

o= kel 3)

where y is the viscosity of the suspension, c is the concentration of the suspension, yi is the
viscosity of the solution, and a, &, and B are characteristic coefficients. Testing the Einstein
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relation resulted in a statistically significant model (p < 0.01) with a reasonable coefficient of
determination (R2 =0.53). However, the predicted intercept y of the model is —12.5 mPa-s,
which is a meaningless result (i.e., a negative viscosity of the solution). The Einstein relation
is based on three assumptions, the third being a low concentration where particles do
not interact with each other. Results suggest that our samples may have violated this
assumption. The generic exponential relation showed a higher coefficient of determination
(R? = 0.66) and a statistically significant model (p < 0.001). The estimated coefficients were
« = 4.336 £ 1.345 mPa-s, representing the viscosity at a concentration equal to zero, and
B=4.61 x 1072 %1, the sensitivity of viscosity to an increase in concentration.

The viscosity values observed in our vinasse samples (=40 mPa-s) are within the
broad range reported for similar fermentation by-products. For example, Lachman and
colleagues reported viscosities around 100 mPa-s for wine lees with higher solids content,
while [29,30] indicated a range between 1 and 100 mPa-s for wine vinasse depending on
concentration and processing stage. Such differences are largely attributable to composi-
tional parameters including solids content, pH, and ionic strength, which influence water
structuring and intermolecular interactions. These observations align with our data, where
vinasse samples with elevated soluble solids and electrical conductivity displayed higher
viscosity at constant temperature.

It is also known that highly concentrated suspensions change their rheological be-
havior from Newtonian to non-Newtonian (e.g., Herschel-Bulkley in the case of high
concentrations of wine lees [29,31]), and understanding the rheological behavior of the
suspension is necessary for designing industrial processing equipment. In our experimental
conditions, the most concentrated suspension contained 9.03% dry matter—below the ap-
proximate 10% threshold indicated by Friso as a rule of thumb for Newtonian behavior [28].
Moreover, when tested at different rotational speeds, no significant deviations from linearity
were observed, and the viscosity remained essentially constant across the tested range. The
Newtonian models provided an excellent fit to the data, with coefficients of determination
of 0.9993, 0.9975, and 0.9987 for 10%, 30%, and 50% volumetric concentrations of solids,
respectively. Therefore, for the purposes of our study and within the tested experimental
range, the fluids can be reasonably approximated as Newtonian, avoiding the need for
more complex constitutive models.

3.2. Characterization of the Extracts
3.2.1. Saccharides

Being the principal component of the yeast cell, saccharides are the main class of
compounds extractable from yeast by-products as vinasse [32]. This fraction is expected
to be essentially composed of 3-glucans and mannoproteins, the two main components
in the yeast cell wall which can be applied as high-value additives in different industrial
sectors [8,14]. Indeed, 3-glucans, a dietary fiber, can be used to enrich foodstuffs by in-
creasing their fiber content or as thickeners and fat replacers in low-calorie products. These
compounds are also known to have multiple bioactive properties that make them valuable
when sold as dietary supplements or within pharmaceutical products [33]. On the other
hand, mannoproteins (10% protein; 90% mannose) are commonly applied to wine as stabi-
lizers, foam and mouthfeel enhancers [34], but also studied for their possible application
as emulsifiers and foaming agents in vegan foods [35,36]. Both these polysaccharides
are expected to be included in the here-obtained extracts at different molecular weights.
Therefore, saccharides, intended as polysaccharides (1100-7.5 kDa) and oligosaccharides
(7.5 kDa-1 kDa), fractions have been studied by analyzing their different MW fractions.

Firstly, the efficacy of the two extraction methods (PALE and Autoclave) against the
untreated control (t0) was assessed using one-way ANOVA followed by Tukey’s HSD test,
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which showed that both methods significantly increased (p = 0.02) the extraction of total
saccharides from 26.49 g/L in the control (t0) to 28.15 g/L with the Autoclave method and
29.79 g/L with the PALE method.

To study the impact of the various conditions in the PALEs, RSM was applied on the
PALE second trial samples. The model was valid (insignificant lack of fit), but the tested
variables were not statistically significant. Therefore, for saccharides extraction, the most
efficient combination requiring the least time, energy, and amount of vinasse involves an
injtial concentration of 10%, a temperature of 104 °C, and an extraction duration of 20 min.

Focusing only on the polysaccharides (PS, 1100-7.5 kDa), the RSM revealed a sig-
nificant effect of the first-order terms (p = 0.04). This significance is attributed to the
initial concentration of vinasse in the suspension (p = 0.01). The model is depicted in
Figure 1, where the initial concentration is plotted against temperature (Figure 1a) and
time (Figure 1b). The increase in the initial concentration resulted in a higher PS after
extraction, as shown in Figure 1c. Furthermore, Figure 1c shows that the treatment in
the cooker significantly improved the PS values compared to both t0 and the Autoclave
method, irrespective of the choice of time, temperature, and vinasse initial concentration.

a) PS b) PS c)

ol
e}

Conc
PS (g/L)

T t &4

Figure 1. Results of the RSM model for polysaccharides (1100-7.5 kDa). Panel (a) illustrates the
effects of concentration and temperature, while panel (b) displays the effects of concentration and
time. Panel (c) shows the average polysaccharides concentrations of various PALEs alongside the
2 reference methods: namely t0 and Autoclave. Error bars represent the standard deviations.

The RSM also successfully modeled the high-molecular-weight polysaccharides frac-
tion (HMW, 1100-180 kDa), as shown in Figure 2a,b. This fraction is expected to be the one
possessing the highest emulsifying and wine-stabilizing potential due to the presence of
long-chain yeast mannoproteins, amphiphilic molecules that can act as surfactants [15,16].
The lack of fit was not statistically significant, while the first-order terms of the model
were statistically significant (p = 0.002). An increase in initial vinasse concentration was
found to significantly elevate (p = 4.4 x 10~%) the HMW content after extraction. However,
the t0 sample (untreated, with vinasse at 10% concentration) exhibited the same HMW
concentration as the samples with 50% vinasse. Attempting to elucidate these results, it is
noteworthy that vinasse exits from the distillation column at high temperatures (approx.
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90 °C). A subsequent thermal treatment, regardless of temperature (p = 0.79 for the temper-
ature coefficient in the developed model), may lead to HMW fraction degradation, a factor
that may prevail over the release of new HMW polysaccharides from the cell wall. This
hypothesis seems to be confirmed by results of the Autoclave extraction which, being the
treatment applying the highest temperature, shows the lowest HMW content (Figure 2c).
The limited extraction of polysaccharides such as yeast 3-glucans under Autoclave condi-
tions is consistent with previous findings, where milder techniques like accelerated yeast
autolysis allowed for the recovery of higher amounts of 3-glucans compared to autoclaving
or other physical methods that may induce degradation [37]. Even if the effect of treatment
time is less evident, the time coefficient in the RSM model displayed a negative slope
(p = 0.08), suggesting that longer thermal treatments may also result in increased HMW
degradation. The thermal sensitivity of 3-glucans has also been documented in other
studies, which reported a significant reduction—up to 50%—in the high-molecular-weight
fraction following cooking [38].

Conc

Figure 2. Results of the RSM model for high MW polysaccharides (1100-180 kDa). Panel (a) illustrates
the effects of concentration and temperature, while panel (b) displays the effects of concentration
and time. In panel (c), average high MW concentrations of different PALEs alongside the 2 reference
methods: t0 and Autoclave. Error bars represent the standard deviations.

Therefore, to maximize the recovery of the HMW fraction, the most efficient and
pragmatic approach appears to be separation of vinasse from the solution at the distillation
column exit (t0). The fact that this fraction is both the richest in surface-active and stabi-
lizing mannoproteins and the most easily recoverable—being already extracted during
distillation—is particularly relevant in view of a potential scale-up. If the valorization
target is this fraction, lower investment requirements and strong synergies with the current
distillation workflow can be envisioned in line with the integrated biorefinery concept [39].

Conversely, the release of medium-molecular-weight polysaccharides (MMW, 18040 kDa)
was significantly affected (p = 0.01) by the thermal extraction. Also, this fraction is expected
to be rich in mannoproteins with tensioactive properties as indicated in previous studies
obtaining this fraction from wine lees and wine [15,40,41]. At the Tukey HSD post hoc test,
the PALE method was found to significantly improve the MMW content compared to the
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t0 and Autoclave methods. The RSM model did not exhibit a statistically significant lack
of fit and the first-order terms for time (p = 0.02) and initial concentration (p = 0.01) were
statistically significant.

Figure 3 reported the obtained RSM for medium MW polysaccharides. The estimated
time coefficient was negative (p = 0.02), resulting in a lower extraction of MMW fraction
as the extraction time increased, suggesting that as HMW), this fraction is also exposed to
degradation when treatment conditions become more severe. The initial concentration
coefficient was positive (p = 0.04), resulting in a higher extraction when the vinasse’s solids
content was higher than 10%. For the MMW fraction, the best results were obtained at short
time and higher solids concentration. Since temperature did not significantly impact the
release of MMW, it is recommended to apply 104 °C, the lowest temperature studied here,
as this would reduce the overall energy consumption of the process. Selecting the lowest
effective temperature is a key strategy for improving the economic and environmental
sustainability of industrial processes, aligning with principles of energy efficiency and
cost reduction.

a) MMW c) MMwW

Conc
Conc

T t

Figure 3. Results of the RSM model for medium MW polysaccharides (180-40 kDa). Panel (a) il-
lustrates the effects of time and temperature, panel (b) displays the effects of concentration and
temperature, while panel (c) shows the effects of concentration and time.

The low-molecular-weight yeast polysaccharides fraction (LMW, 40-7.5 kDa) is partic-
ularly interesting, as it is expected to contain soluble (3-glucans which have been associated
with immunomodulatory activity [42,43], as well as small mannoproteins previously indi-
cated as promising foaming agents [15,44] and additives able to hinder wine polyphenol
aggregation [45,46]. The release of this fraction from the yeast cells significantly increased
(p = 0.002), with the extractions compared to the t0. In fact, after the distillation column (t0)
1.925 + 0.106 g/L of LMW were present in the vinasse’s supernatant, while this concen-
tration increased to 2.399 =+ 0.132 g/L after Autoclave extraction and to 2.438 £ 0.090 g/L
after PALE. The RSM model was valid, with not significant lack of fit and a significant first
order model (p = 0.02). Temperature (p = 0.04), time (p = 0.07), and initial concentration
(p = 0.04) coefficients were positive, indicating that the higher the setting for each condition,
the higher the extraction of LMW polysaccharides in the solution (Figure 4).
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Figure 4. Results of the RSM model for low MW polysaccharides (40-7.5 kDa). Panel (a) illustrates
the effects of time and temperature, panel (b) displays the effects of concentration and temperature,
while panel (c) shows the effects of concentration and time.

Finally, the release of the oligosaccharides fraction (7.5-1 kDa) resulted in significantly
increased (p = 0.03) with the PALE (19.35 4+ 0.40 g L~!) than in t0 (17.38 + 0.66 g L™ 1).
On the other hand, no significant difference was found between PALE and Autoclave
(18.47 4 0.85 g L~!) and between Autoclave and t0. The RSM model was valid, but the
terms were not significant. Hence, in the tested range, neither time, temperature, nor initial
concentration was found to affect the oligosaccharide content in the extracted solution.
This fraction is expected to contain short chain mannoproteins and 3-glucans which, in
previous study, have been indicated to be bioactive supplements in animal feed [47,48].

3.2.2. Proteins

Yeast by-products are also known to be a good source of proteins with high bio-
logical value, to be used in food and feed supplements or as taste enhancers [49-51].
Maximizing their solubilization would also be important to enhance the purity of the
different polysaccharides extracts: an aspect that, in previous studies, has been addressed
by applying an enzymatic hydrolysis to ensure the removal of proteins from extracted
-glucans [52,53]. In this case, the PALE method provided a significantly higher recovery
in proteins (14.26 & 0.39 g/L), followed by the Autoclave method (12.39 4 0.89 g/L), and
by the t0 (7.15 £ 0.70 g/L). The RSM model was valid (insignificant lack of fit), and the
second order terms of the model were statistically significant (see Supplementary Text S1
for the model equation). Hence, the maximum protein extraction (15.07 £ 0.15 g/L) was
achieved at 110 °C, 29.6 min, and 18.2% concentration (Figure 5). Lower temperatures
and times probably led to a lesser yeast cell degradation and so a lower proteins release,
while conditions more severe than the optimal may have induced the denaturation and
consequent removal of proteins from the liquid extract, as noted in previous studies [52,53].
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Figure 5. Results of the RSM model for total proteins. Panel (a) illustrates the effects of time and
temperature, panel (b) displays the effects of concentration and temperature, while panel (c) shows
the effects of concentration and time.

4. Considerations for Scaling Up the Process

The results indicate that longer extraction times and higher temperatures promote
the degradation of HMW and MMW polysaccharides, leading to an increased forma-
tion of LMW polysaccharides. This trend can be quantified by constructing a molecular
weight index (MWI), which represents the change in polysaccharides” molecular weight

during extraction:

LMW
I= 4
MW= 31w + VW) @

The MWI has been tested in a linear model with temperature and time, resulting in
the model shown in Figure 6. The model has an R? of 0.893, and both time and temperature
show a positive angular coefficient, 3.0 x 1072 (p < 0.001), and 6.5 x 103 (p = 0.004) for
time and temperature, respectively, accounting for the shift in the extracted polysaccharides
molecular weight due to temperature and time. To the best of our knowledge, changes in
the MW of yeast polysaccharides at the here-tested times and temperatures have never
been investigated. However, it seems plausible to think that, by increasing the treatment
conditions, the already extracted polysaccharides are exposed to hydrolytic degradation.
Indeed, the breaking of glucan chains in the cell wall is precisely the principle upon which
the thermal extraction of yeast cell wall polysaccharides is based [37,54]. Therefore, it
appears that the application of severe treatment conditions may increase the cell wall
destabilization and the release of yeast polysaccharides, but also the partial degradation of
their biggest fraction into low-molecular-weight compounds (Figure 6).

Furthermore, according to the obtained results, it is possible to design a plant layout
suitable for the extraction of all the discussed fractions. A simplified schematic representa-
tion is shown in Figure 7.

For HMW, the most suitable approach appears to be the recovery of the liquid fraction
directly from the distillation column (t0). However, considering the limited number of
separation systems suitable for use at 95 °C, and given our findings that increasing tem-
peratures decrease the concentration of these substances, the vinasse needs to be cooled
to near-ambient levels either by natural cooling or by using a heat exchanger. The latter
option could standardize the cooling process, ensuring consistent cooling times and thereby
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improving the standardization of the recovered products, an essential feature for their
commercial exploitation. Furthermore, the use of a heat exchanger allows for heat recovery.
With the measured physical properties, and using 1000 kg/h of vinasse at 90 °C from the
distillation column, while considering water to be heated at 15 °C, it is possible to produce
up to 1544 kg/h of warm water at 60 °C. Regarding the choice of the heat exchanger type,
the presence of 10% solids restricts the available options. However, a simple concentric
tube heat exchanger could be employed for this purpose.

Figure 6. Modeled effect of extraction temperature and time on the ratio between Low MW polysac-
charides and Medium + High MW polysaccharides during the PALEs.

2] . Cross-flow
L Cooling (HEX P
Distillation 9 (HEX) | icrofiltration R
If il + (Y = .- 2. . CONCENTRATION
’ s - D.-Js9l" 10 -50% solids V=
— E Ui\ls E — iBeasesenels _ &
T G -
- 2 60 min, 112°C
Vinasse (95°C)
Other outputs Cooling (HEX)
.. B (@
Heat: to produce ~1544 MMW —- .. e, Cross-flow [ ]
kg/h of warm water (60°C) 5 - microfiltration 1 -
Solid residues: Yeast cell Proteins o ’ B
debris > rich in B-glucans IMW <«— § s o Cross-flow

* . microfiltration

Figure 7. Proposed plant layout for the simultaneous recovery of multiple valuable fractions from
distillery vinasse. HMW: high-molecular-weight polysaccharides (1100-180 kDa); MMW: medium-
molecular-weight polysaccharides (180-40 kDa); LMW: low-molecular-weight polysaccharides
(40-7.5 kDa).

Regarding the solid /liquid separation system crossflow micro-filtration appears to be
the most spread, controllable and flexible solution. Moreover, before thermal extraction, it
would be necessary to concentrate the solids from 10% up to 50% (for MMW and LMW) or
18% (for proteins). Crossflow microfiltration offers the advantage of performing both water
removal and component fractionation in a single operation, making it a promising choice
for this step, given that vinasse solids are predominantly yeast cells (~5 um) (Figure 8).
Consequently, it appears as a first choice for future testing. Crossflow microfiltration is one
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of the most widespread, controllable, and flexible solid-liquid separation methods used in
wineries and distilleries, where trained personnel and infrastructure are often already in
place. For wine lees suspensions, intact yeast cells (~5 um) and coarse fines are efficiently
retained by membranes with nominal cut-offs between 0.2 and 1 pm, while most dissolved
polysaccharides (e.g., mannoproteins and soluble 3-glucans) are below the nominal pore
size and would pass to the permeate in the absence of secondary fouling layers. Under these
conditions, before the extraction, the permeate stream would be enriched in high-molecular-
weight polysaccharides (HMW), while the retentate could be directed to subsequent thermal
extraction to recover medium-(MMW) and low-molecular-weight (LMW) polysaccharides,
oligosaccharides, and proteins.

Figure 8. Microscope capture (40x) of t0 vinasse sample.

In practice, however, colloidal material such as pectins and polyphenol-polysaccharide
aggregates can form compressible cakes or gel layers that depress flux and cause “appar-
ent” retention of macromolecules smaller than the membrane pores. On ceramic 0.2 pm
modules, fouling propensity has been reported as pectins > tannins > mannoproteins, with
mannoproteins showing a threshold-type fouling effect at higher concentrations [55]. Given
the complexity of wine lees matrices and the known fouling mechanisms, dedicated pilot
trials will be required to define the optimal separation conditions. Such tests should explore
different membrane configurations, with a focus on ceramic (tubular or multichannel) mod-
ules that can withstand aggressive cleaning-in-place and backflushing. Future work should
also address fouling control strategies, for example, by determining the critical flux through
stepwise or permeate-flux methods and by evaluating the effect of high wall shear rates on
limiting concentration polarization. Additionally, lightweight pretreatment options—such
as sedimentation or centrifugation to remove coarse lees, or targeted pectinolytic/fining
treatments when pectin/protein loads are high—should be assessed for their ability to
improve flux and selectivity in crossflow microfiltration of wine lees streams [55,56].
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To enhance the release of proteins and MMW and LMW polysaccharides, concentrated
vinasse needs to be treated with temperature > 100 °C, thus requiring a device achieving
overpressure. Since our trials showed no significant performance decrease between 112 °C
and 121 °C, common devices such as industrial pressure cookers can appear to be suitable
equipment for this operation. European Parliament’s Directive 2014/68/EU [23], known as
the Pressure Equipment Directive (PED), regulates the construction of pressure equipment
and applies when the working pressure exceeds 0.5 bar (50 kPa). Therefore, at temper-
atures slightly below 112 °C, the PED does not apply, whereas it is required for higher
temperatures. Equipment certified for PED compliance has several requirements, resulting
in increased costs. Since no significant difference was found for our purposes, the decision
to slightly decrease the temperature to reduce equipment costs appears reasonable.

The cooker should be sized according to the concentration provided by the cross-flow
filter. The extent of the concentration depends on the extraction purpose. For the highest
yield of MMW and LMW, the best results were obtained at an initial concentration of 50%.
Thus, 1000 kg/h at 10% should be separated into 800 kg /h of permeate and 200 kg/h of
retentate at 50%. The cooker has to be consequently sized to treat this mass flow rate hourly.

In this set up, heat transfer occurs by convection. The convection coefficient depends
on fluid speed, density, viscosity, conductivity, specific heat, and the geometry of the cooker.
These variables are encapsulated in three dimensionless numbers: Prandtl, Nusselt, and
Reynolds or Grashof (the first is used for forced convection, while the latter is used for
natural convection). An increase in both Reynolds and Grashof numbers enhances the
convection coefficient, and both numbers include viscosity in their denominator (squared
in Grashof) [28]. Therefore, a solution with high viscosity, as in our case (between 40 and
45 mPa-s), results in a decreased convection coefficient and consequently reduced heat
transfer within the fluid. These viscosity data directly informed our choice of direct steam
injection over wall heating, even with agitation. Moreover, under these conditions, there
is a risk of thermal inhomogeneity within the fluid and burning of the solid parts of the
suspension. Thus, the cooker should be equipped with an agitator. Due to this poor heat
conduction, the most reasonable way to heat the suspension is by direct injection of steam.
In fact, heating the suspension from the cooker walls should be avoided due to the high
viscosity, as this can increase the laminar flow thickness of the boundary layer near the
wall, causing the adjacent solids to burn despite the presence of an agitator.

Finally, the treatment time—temperature settings were derived from our experimental
degradation considerations: for maximum LMW yield, use the highest achievable cooker
temperature with the longer extraction time (i.e., time and temperature had a significant
positive coefficient in the developed RSM models—Figure 4); for MMW preservation (and
maximum protein release), limit to the minimum time (i.e., time coefficient of the model
was negative and significant—Figure 3). Oligosaccharides can be efficiently extracted under
both regimes. In fact, as indicated by the experimental results, treatment time /temperature
variables should be adjusted depending on whether the main target is the extraction of
MMW or LMW polysaccharides. In the latter case, the highest temperature achievable with
the cooker should be applied, with an extraction time of at least 60 min. Conversely, if the
aim is to recover MMW, which can degrade into LMW during prolonged treatments (see
Figures 3 and 7), the extraction time should be reduced to approximately 20 min. This latter
condition is also close to the combination that ensures the maximum release of proteins. As
for oligosaccharides, they can be efficiently extracted under both treatment regimes.

Following the thermal treatment, standard techniques for cooling using a heat ex-
changer and solid-liquid separation by cross-flow microfiltration can be implemented.
These operations can be carried out using the same equipment employed during the pre-
heating phases. In this configuration—beyond the previously discussed heat recovery—it is
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also possible to recover the insoluble fraction retained by the cross-flow microfiltration. This
fraction, primarily composed of yeast cell wall residues, represents a potential source of
insoluble -glucans, a type of dietary fiber that is already commercialized [57]. As shown in
other studies, such material, derived from thermally treated yeast as in the present case, can
be effectively purified from residual proteins through sequential washing and proteolytic
enzyme treatment [52,53].

5. Conclusions

The valorization of post-distillation wine lees (vinasse) is a growing issue for many
distilleries, where this by-product is primarily associated with a disposal cost. In this study,
a previously developed lab-scale method for the autoclave extraction of yeast-derived
polysaccharides and proteins was adapted with the aim of identifying parameters and
design elements that could inform, rather than immediately define, an industrial process.
Data modeling highlights the importance of tailored extraction conditions to selectively
maximize the recovery of different yeast saccharides and protein fractions from vinasse.
The results showed that, due to the high temperatures already reached during distillation,
additional heat application is not required to recover the high-molecular-weight yeast
polysaccharides, previously described as rich in foaming, emulsifying, and wine-stabilizing
molecules. In fact, this fraction was found to be most abundant in untreated vinasse and
decreased when additional thermal treatment was applied. On the other hand, moderate
thermal treatments (below autoclave conditions) proved effective for extracting lower-
molecular-weight polysaccharides and proteins with yields higher than the ones achieved
by applying the autoclave treatment on the same matrix.

While these results informed a conceptual process line potentially compatible with
existing distillery infrastructure, its actual scalability requires further tests. In particular,
pilot-scale trials will be needed to assess membrane performance, fouling behavior, and
overall process integration under real operating conditions. Additional trials should also
be undertaken to optimize the cooking phase for different vinasse compositions and to
define process parameters that ensure consistent product quality and standardization across
batches. However, these findings should be considered as a preliminary design framework
rather than a ready-to-implement industrial solution.

These findings, along with the study of vinasses’ physicochemical properties, provide
a basis for equipment selection and process conceptualization, aiming for compatibility
with current distillation workflows and minimal infrastructural modifications. Further
investigations should focus on the economic assessment of the process and on the down-
stream purification and characterization of the separated fractions, particularly as a source
of mannoproteins and dietary (3-glucans.
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